ABSTRACT The Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) cryptic species complex of whiteßies contains two species, MEAM1 and MED, that are highly invasive in supportive climates the world over. In the United States, MEAM1 occurs both in the Þeld and in the greenhouse, but MED is only found in the greenhouse. To make inferences about the population structure of both species, and the origin and recent spread of MED within the United States, 987 MEAM1 whiteßies and 340 MED whiteßies were genotyped at six and seven microsatellite loci, respectively, for population genetic analyses. Major results of the study are 1) MED exhibits more population structure and genetic differentiation than MEAM1, 2) nuclear microsatellite markers exhibit a high degree of concordance with mitochondrial markers recovering a major eastÐwest phylogeographic break within MED, 3) both eastern and western MED are found throughout the continental United States and eastern MED is present in Hawaii, and 4) MEAM1 contains two greenhouse U.S. populations signiÞcantly differentiated from other U.S. MEAM1. The results suggest that MED was introduced into the United States on at least three occasions and rapidly spread throughout the United States, showing no discernible differentiation across 7,000 km. The results further suggest that there is an enhanced role of the protected agricultural environment in promoting genetic differentiation in both invasive B. tabaci cryptic species.
The sweetpotato whiteßy, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), is a cryptic species complex containing at least 24 morphologically indistinguishable species (Dinsdale et al. 2010 . Two highly polyphagous members of the complex, one originating in the Middle East Asia Minor (MEAM1) and the second originating in the Mediterranean (MED) , have become globally invasive crop pests (Oliveira et al. 2001 , Perring 2001 , Ren et al. 2001 , Horowitz et al. 2003 , Viscarret et al. 2003 , Chu et al. 2006 , Ueda and Brown 2006 , McKenzie et al. 2012 ). The native ranges of both cryptic species may extend into sub-Saharan Africa Ahmed 2011, De Barro et al. 2011) , and MEAM1 now occurs in Ͼ50 countries and MED in 10 countries . Damage estimates exceed a billion U.S. dollars over the past 30 yr in cash crops such as cotton, Gossypium hirsutum L., and plant diseases vectored by MEAM1 and MED can be limiting factors to crop production in developing countries (Oliveira et al. 2001) .
In the United States, MED was Þrst documented in 2004 (Dennehy et al. 2010 ) and has since established as a pest in greenhouses (McKenzie et al. , 2012 . Importantly, MED in the United States has not yet escaped protected agriculture to establish a population in the Þeld. However, MEAM1 has been established in the United States for nearly 30 yr ) and is a pest in both the Þeld and in greenhouses where it can co-occur with MED (McKenzie et al. 2012) .
MEAM1 and MED are sister taxa exhibiting 3% sequence divergence in the mitochondrial cytochrome oxidase subunit 1 (CO1) gene (Boykin et al. 2007 , Dinsdale et al. 2010 ) and 0.8% sequence divergence in coding regions of the transcriptome (Wang et al. 2011) . Most whiteßies, including MEAM1 and MED, are haplodiploid with males produced parthenogenetically and females produced sexually. Reproductive isolation between MEAM1 and MED is nearly complete and consists of both prezygotic and postzygotic boundaries (Elbaz et al. 2010 , Sun et al. 2011 . Elbaz et al. (2010) monitored Mention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the USDA. The USDA is an equal opportunity provider and employer. interspeciÞc pairs of whiteßies and found that all behaviors leading up to copulation occurred but witnessed no copulation events and subsequently found no evidence of sperm transfer indicating prezygotic reproductive isolation. Sun et al. (2011) was able to produce a small number of female interspeciÞc hybrids (0 Ð2%) when caging 10 males with 10 females, but F1s produced no progeny, indicating postzygotic reproductive isolation via hybrid sterility (Sun et al. 2011) . In the Þeld, evidence of hybridization is very rare and hybrids do not persist in the environment (McKenzie et al. 2012 ). In addition, nearly all putative cases of Þeld hybridization based on nuclear microsatellites were the result of homoplasy and rejected upon allele sequencing (McKenzie et al. 2012 ; C.L.M., unpublished data). Important biological differences have been noted between the two cryptic species. Although both vector a large number plant viruses, MED was found to be superior at transmitting tomato yellow leaf-curl virus, leading to rapid spread of the virus in China (Pan et al. 2012) . MED also has been found to have elevated resistance to neonicatinoid insecticides in the Þeld (Dennehy et al. 2010 , Wang et al. 2010 ) and under selection pressure in the laboratory (Horowitz et al. 2005) . In contrast, MEAM1 is more fecund, has a lower rate of nymphal mortality, and a higher rate of population increase than MED (Pascual and Callejas 2004, Crowder et al. 2010a) . When MEAM1 and MED are caged together, MEAM1 females maintain both the frequency of copulation and the sex ratio of their progeny, whereas MED females mate less and produce fewer females due to reproductive interference from MEAM1 (Pascual and Callejas 2004; Crowder et al. 2010a,b) . It is predicted that MEAM1 will generally outcompete and displace MED (Crowder et al. 2010a) based on this behavioral ßexibility; however, MED has been rapidly displacing MEAM1 in Þeld populations in China, likely due to high levels of neonicitinoid resistance (Wang et al. 2010 ). This mechanism also may explain the co-occurrence of MED and MEAM1 in greenhouse populations in the United States.
During the course of a nationwide survey of invasive MEAM1 and MED, several thousand whiteßies were identiÞed via mitochondrial CO1 sequencing (McKenzie et al. 2012) . A subset of these individuals plus samples from other countries and from laboratory colonies ( Fig. 1 ; Table 1 ) were genotyped at six (MEAM1) and seven (MED) microsatellite loci to 1) test concordance among nuclear and mitochondrial genetic markers, 2) determine the population structure within each invasive cryptic species in the United States, and 3) infer possible invasion pathways for the more recently introduced MED cryptic species.
Materials and Methods
Whiteßies were solicited from vegetable and ornamental growers, crop consultants, industry representatives, international collaborators, and state and local agencies ( Fig. 1 ; Table 1 ). DNA from female whiteßies was extracted and B. tabaci individuals were identiÞed to cryptic species based on the sequence of a 700 Ð 800-bp mitochondrial CO1 gene fragment; methods, and primers in McKenzie et al. (2009 McKenzie et al. ( , 2012 and Shatters et al. (2009) . The samples identiÞed in this way from both cryptic species were further genotyped at six microsatellite markers designated Bem6, Bem11, Bem15, Bem23, Bem25, and Bem31 (De Barro et al. 2003) . MED samples were genotyped at a seventh microsatellite locus, Bem21 (De Barro et al. 2003) . These microsatellites were developed before the designation of B. tabaci as a cryptic species complex, and some were designed using individuals from other cryptic species; however, most have been used previously for MEAM1 and MED (De Barro et al. 2003; Simon et al. 2007; Dalmon et al. 2008; McKenzie et al. 2009 McKenzie et al. , 2012 . This is the Þrst study using Bem15 and Bem21 with MED. Allele fragments were ßuores-cently labeled, polymerase chain reaction (PCR) ampliÞed, analyzed using a 3730xl sequencer (Applied Biosystems, Carlsbad, CA), and sized using GeneMapper 4.0 (Applied Biosystems). A detailed extraction protocol, PCR speciÞcations, and Bem6 and Bem23 allele frequency data for U.S. Þeld collections have been provided previously (McKenzie et al. , 2012 .
Duplicate genotypes were generated for 55 MEAM1 individuals and 203 MED individuals with a mismatch error rate of 1.2% (MEAM1) and 0.1% (MED) across all loci. Alleles were treated as missing data in cases of ampliÞcation failure, three or more peaks in the electropherogram, peaks of insufÞcient height, or a conßict between duplicates (Table 2) . Accessions retained for population genetics analyses each had a minimum of 10 individuals (Table 1) and individuals retained ampliÞed at (50% of loci. An accession here refers to a collection of whiteßies from a given site at a set time point as some sites were sampled on multiple occasions. Population Genetics Statistics. Within each cryptic species, the number of alleles per locus and allelic richness standardized to the minimum sample size were calculated for each microsatellite in FSTAT version 2.93 (Goudet 1995) . FSTAT was used to calculate gene diversity (HE averaged over loci), inbreeding (FIS averaged over loci), and the number of polymorphic loci for each accession. Each accession was tested for the presence of null alleles using Microchecker version 2.2. 3 (van Oosterhout et al. 2004 ) and departure from HardyÐWeinberg equilibrium (HWE) was assessed with exact tests in GenePop version 4 (Rousset 2008) . Each accession showing evidence of heterozygote deÞciency also was tested for inbreeding in INEst (Chybicki and Burczyk 2009) , while accounting for null alleles. Each accession also was tested for linkage disequilibrium (nonindependence of loci) for each locus pair by using log-likelihood ratio tests in GenePop.
Determining Population Structure and Number of Populations. The number of populations (k) represented by each data set, MEAM1 and MED, was determined using the allele frequency contingency table permutation method described by Waples and Gaggiotti (2006) implemented in GenePop with ␣ ϭ 0.01. In this method, if ␣ exceeds 0.01 for any population pair, the two populations are consolidated. This method was shown to be more reliable in recovering k than individual-based methods (e.g., Pritchard et al. 2000, Corander and Marttinen 2006) with simulated data, especially when examining a small number of loci or populations with high levels of migration (Waples and Gaggiotti 2006) . To compare this strategy for determining k with a more commonly used individualbased approach, the data also were analyzed in STRUC-TURE 2.3 (Pritchard et al. 2000) by using the alleles correlated model (Falush et al. 2003) with sampling location included (Hubisz et al. 2009 ). The model was run for 100,000 generations with a burn-in of 10,000 generations 20 times for each k from k ϭ 1 to k ϭ 10. The Evanno method (Evanno et al. 2005 ) was then implemented in STRUCTURE HARVESTER 0.6.93 (Dent and vonHoldt 2012) , and the data were summarized for the optimal value of k by using CLUMPP 1.1 (Jakobsson and Rosenberg 2007) and Distruct 1.1 (Rosenberg 2004) . Principal coordinates analyses of each data set were conducted using GenAlEx 6.41 (Peakall and Smouse 2006) with missing data interpolated. Population structure was then visualized as polygons enclosing the populations inferred using the contingency table permutation method relative to the two major axes of molecular variation. To quantify the degree of allele Þxation among inferred populations, pairwise FST values were estimated within each cryptic species, accounting for null alleles where necessary using FreeNA (Chapuis and Estoup 2007) . After adjusting allele frequencies to account for the presence of null alleles, FreeNA estimates FST after Weir (1996) . ConÞdence intervals around pairwise FST estimates were calculated using 10,000 bootstrap pseudoreplicates over loci. FST estimates are valuable in that they allow comparison with other studies due to their long history of use. However, because FST values tend to be biased downward when using highly variable microsatellites (Meirmans and Hedrick 2011) , pairwise GSTЉ also were used calculated after Meirmans and Hedrick (2011) with the unbiased estimators of HT and HS from FSTAT. GSTЉ is an unbiased estimate of FЈST standardized by its maximum possible value (Meirmans and Hedrick 2011) .
Comparing Microsatellite Genotype and Mitochondrial CO1 Haplotypes for MED. Previous reports documented an association of MED mitochondrial CO1 haplotype with allele frequencies at putative diagnostic microsatellite loci Bem6 and Bem23 (McKenzie et al. , 2012 . To assess whether this pattern was robust to a larger nuclear data set, genotype eigenvalues for each whiteßy also were visualized in a principal coordinates graph according to their mitochondrial haplotype.
Results

Population Genetics Statistics
Allelic richness ranged from 1.05 to 4.92 (Table 2) . Gene diversity within each accession was fairly low and ranged from 0.14 to 0.4 for MEAM1 (mean HE ϭ 0.31) and from 0.09 to 0.52 for MED (mean HE ϭ 0.30). Within MED, accessions outside the United States had higher gene diversity (mean HE of Þve accessions ϭ 0.44) than accessions within the United States (mean HE of 22 accessions ϭ 0.27) (permutation test; P ϭ 0.002). The number of polymorphic loci per accession ranged from 2 to 6 for MEAM1 (mean ϭ 3.53) and from 2 to 7 for MED (mean ϭ 4.78) (Supp Table 1 Table 1 [online only]). None of the accessions had a signiÞcantly positive inbreeding coefÞcient after nulls were accounted for. A signiÞcant excess of heterozygotes was found in 17 (Bem11), four (Bem15), and one (Bem25) MEAM1 accession and two (Bem11), one (Bem21), and one (Bem25) MED accessions (P Ͻ 0.05); 81% of MEAM1 accessions and 74% of MED accessions were in HW equilibrium. Violations of HWE in MED were always the result of heterozygote deÞcit, whereas violations in MEAM1 were just as likely to result from heterozygote excess as from heterozygote deÞcit. Two accessions from each cryptic species showed linkage disequilibrium between a single locus pair. This is at least an order of magnitude fewer signiÞcant comparisons than would be expected by chance (5%). Population genetic summary statistics for each accession are provided in Supp Table 1 [online only].
Estimating Number of Populations. Seven populations of B. tabaci were inferred for MED (Fig. 2) by using the contingency table permutation method of Waples and Gaggiotti (2006) with ␣ ϭ 0.01. One population contained accessions from Georgia (Þve accessions), New York (two accessions), and Kentucky (population 1 in Fig. 2) . A second population contained accessions from Florida hibiscus (Þve accessions); Hawaii (two accessions); Michigan (two accessions); and South Carolina, Alabama, and Israel (population 7 in Fig. 2) . The remaining U.S. accessions, two from California and one from Florida (host: mint) were each resolved as distinct populations (populations 4 Ð 6 in Fig. 2 ) as were accessions from Spain (two) and Morocco (two) (populations 2 and 3, respectively, in Fig. 2 ). Principal coordinates axes 1 and 2, respectively, accounted for 56 and 13% of the genetic variation found in MED. Visualizing genotype eigenvalues on these two axes showed two major clusters of populations (Fig. 2b) . One cluster contained populations 1Ð 4 (Spain/Morocco-like) and one cluster contained populations 6 and 7 (Israel-like) (Fig.  2b) . One of the populations from California contained genotypes in both clusters and genotypes intermediate between both clusters (population 5 in Fig. 2b ). Analysis with STRUCTURE recovered two populations consistent with the two major clusters of populations seen using principal coordinates analysis with California (population 5 in Fig. 2b ) intermediate (Supp Fig. 1 [online only] ). Of the seven populations recovered with contingency table permutation, only population 1 had no evidence of null alleles, so all pairwise FST values were calculated using the ENA correction in FreeNA (Chapuis and Estoup 2007) . Pairwise FST estimates ranged from 0.1 to 0.49 (Fig.  2c) . None of the FST conÞdence intervals overlapped zero. Pairwise GSTЉ were on average 56% higher than their corresponding FST (Fig. 2c) .
Six populations of B. tabaci were inferred for MEAM1 by using contingency table permutation (Fig.  3) . Within MEAM1, 71 of 76 accessions comprised a single large population for which the hypothesis of panmixia could not be refuted. This population contained 67 U.S. accessions, two accessions from Israel, and one from Colombia (population 1 in Fig. 3 ). Individual accessions from Colombia, China, Israel, New York, and Arizona were each resolved as separate populations (populations 2Ð 6 in Fig. 3 ). Analysis with STRUCTURE recovered two populations, one population made up largely of individuals from the New York and Arizona accessions recovered as separate populations by contingency table permutation method, and the second population containing all other accessions (Supp Fig. 1 ). Principal coordinates analysis for MEAM 1 was less informative than for MED with axes 1 and 2 accounting for 26 and 24% of the genetic variation, respectively (Fig. 3b) . Pairwise FST estimates ranged from 0.08 to 0.72. Fourteen of 15 estimates had 95% conÞdence limits (CL) not overlapping zero (Fig. 3c) . Pairwise GSTЉ were on average 38% higher than their corresponding FST (Fig. 3c) .
Concordance of Nuclear and Mitochondrial Data for MED. Grouping the nuclear genotype eigenvalues according to mitochondrial CO1 haplotype indicated concordance between marker systems (Table 3 and Fig. 4 ). CO1 haplotypes are labeled Q1-Q4 consistent with previous reports (McKenzie et al. , 2012 and are associated with the eastern Mediterranean (haplotype Q1; Israel-like in Fig. 2b ) and western Mediterranean (haplotypes Q2-Q4, Spain and Moroccolike in Fig. 2b ). Haplotype Q4 was only found in Morocco. All but one individual with haplotype Q1 clustered together and all but two individuals with haplotypes Q2-Q4 clustered together. Furthermore, haplotypes Q2, Q3, and Q4 are not evenly dispersed but form distinct clusters of their own within the western Mediterranean cluster (Fig. 4) . Three individuals were of mixed ancestry, showing discordance between markers. One individual with the Q1 CO1 haplotype had a Q2-Q4 associated microsatellite ge- notype and two individuals with the Q3 CO1 haplotype had a Q1-associated microsatellite genotype (Fig.  4) . All three mixed individuals were from California (population 5 in Fig. 2) , the only U.S. accession containing Q1, Q2, and Q3 CO1 haplotypes.
Discussion
Both STRUCTURE analysis and principal coordinates analysis of B. tabaci MED microsatellites recovered two major clusters of nuclear genotypes (Fig. 2) , indicating the presence of two major MED genetic groups with origins in the western Mediterranean (populations 4 Ð 6 in Fig. 2 ) and eastern Mediterranean (populations 1 and 2 in Fig. 2) (also see Fig. 1 and Supp Fig. 1 [online only] ). Grouping the nuclear genotype eigenvalues according to mitochondrial CO1 haplotype suggested that the two marker systems were largely concordant (Table 3 ; Fig. 4 ). The western MED and eastern MED groups are supported here by both microsatellites and mitochondrial CO1 sequences and have been supported previously based solely on mitochondrial CO1 sequences (Tsagkarakou et al. 2007, De Barro and Ahmed 2011) . This eastÐwest MED clustering contrasts somewhat with the microsatellite-based results of Simon et al. (2007) who found greater differentiation between populations from Spain and Morocco. Their FST estimate between Spain and Morocco (0.30) was almost double ours and outside the 95% conÞdence interval (CI) of our estimate (0.16; 95% CI, 0.12Ð 0.18). The broad conÞdence limits of some of our estimates combined with the low number of markers used in both studies highlight the need for a larger number of molecular markers in resolving the phylogeographic breaks within MED in greater detail. In California, where both eastern and western MED coexist, we uncovered evidence of introgression between eastern and western MED causing discordance between nuclear and mitochondrial markers for three individuals. These results suggest that within the Þrst 3 yr after the discovery of MED in the United States, only limited gene ßow had taken place between eastern and western MED whiteßies. The insular greenhouse environment that presently constrains MED in the United States likely contributes to continued isolation and population structuring between eastern and western MED whiteßy populations as only 8% of MED collections since 2005 have had both eastern and western MED mitochondrial haplotypes occurring together (McKenzie et al. 2012) .
It is possible that MED in the United States was founded by a single hyperdiverse population, possibly in California, with subsequent bottlenecks accompanying expansion within the United States. This, however, seems unlikely because the population from California containing both eastern and western MED whiteßies and the population from Florida mint are isolated along principal coordinate two (populations 5 and 4, respectively, in Fig. 2b) . It is more likely that the diverse California population represents a secondary sink population and not the source of initial colonization. Because MED in the United States is only found in greenhouses, migration and colonization are probably mediated only by movement of infested Consensus sequence
a Position is relative to GenBank accession HQ198789; position 0 is the 3Ј terminal residue of the C1-J-2195 universal CO1 primer (Simon et al. 1994) . Fig. 4 . B. tabaci MED microsatellite genotypes plotted on the Þrst and second principal coordinates axes of molecular variation color coded by mitochondrial CO1 haplotype. Generally the two marker systems are concordant. One individual has and eastern Mediterranean mitochondrial haplotype (Q1) in a western Mediterranean nuclear background, and two individuals have a western Mediterranean mitochondrial haplotype (Q3) in an eastern Mediterranean nuclear background. All three discordant individuals were from California (population 5 in Fig. 2 ). Haplotype Q4 is only found in Morocco. Two singleton western Mediterranean CO1 haplotypes are not shown. Single-nucleotide polymorphisms delimiting mitochondrial haplotypes are presented in Table 3. plant material shipments between greenhouses rather than through active ßight. The California population may have persisted long enough to receive migrants in this way and to integrate genetic diversity from multiple sources. However, this introgression among eastern and western MED groups seems anomalous, and colonization and extinction dynamics without such genetic integration is more likely the norm among U.S. commercial greenhouses.
The Florida, Hawaii, Alabama, South Carolina, and Michigan accessions originated in the eastern Mediterranean and Israel is a plausible source of this introduction because all 11 of these U.S. accessions were consolidated to a single population with Israel by the contingency table permutation analysis (population 7 in Fig. 2) . Nonetheless, an Israeli origin of eastern Mediterranean MED should be corroborated by additional genetic markers. Populations 5 and 6 in Fig. 2 also contain majority ancestry from the eastern Mediterranean. Although western MED has been the dominant invasive MED group globally, the United States, Mexico, and Canada are the only countries outside its native range that eastern MED has been detected Ahmed 2011, McKenzie et al. 2012) . MED populations 1 (Georgia/New York/Kentucky) and 4 (Florida mint) originated somewhere in the western Mediterranean and likely represent independent introductions. Previous reports have supported multiple introductions of western MED into the United States (McKenzie et al. , 2012 ) based on mitochondrial data and two microsatellite loci, and this interpretation is supported by this larger nuclear data set. It is unclear based on these results whether the introductions follow neatly with the mitochondrial haplotypes designated Q2 and Q3; however, it should be noted that the haplotypes Q2, Q3, and Q4 are not distributed evenly but themselves form subclusters within western MED (Fig. 4) . This clustering suggests additional concordance between nuclear and mitochondrial markers within western MED that could be explored in more detail with greater sampling. Such a correlation has previously been proposed using two microsatellite loci (McKenzie et al. 2012 ). Given such a high degree of MED genetic diversity present in the United States, impetus should be given to describing insecticide resistance proÞles in a population genetic context that takes into account the phylogeographic origin of the particular MED population in question as insecticide resistance traits may be differentially expressed in eastern and western MED.
Population 6 in Fig. 2 is an accession of whiteßies from California, which showed evidence of hybridization with MEAM1 by using esterase enzyme analysis (F. J. Byrne, personal communication). The enzyme analysis is destructive and so individuals subject to enzyme analysis could not be subsequently genotyped. Even so, none of the 24 whiteßies genotyped from this putatively hybridizing population showed any evidence of being interspeciÞc hybrids between MEAM1 and MED based on lack of allele sharing at Bem6 and Bem23 (McKenzie et al. 2012 ). Another population from Michigan also had a large proportion of hybrids by using the esterase method (F. J. Byrne, personal communication). This population was the source material of a quarantined lab colony (Table 1 both MEAM1 and MED) and also showed no evidence of hybridization (McKenzie et al. 2012 ). All 49 whiteßies from this site possessed both nuclear and mitochondrial molecular markers unambiguously identifying them as either MED or MEAM1.
MEAM1, in general, shows a much higher degree of genetic homogeneity across the United States (less population substructure) than does MED. Even though 63 of the 71 accessions in the large MEAM1 population came from just two southern U.S. states, Georgia and Florida, this large population also contained populations from Arizona and Oregon in the western United States and Michigan in the northern United States (population 1 in Fig. 2 ). Although two Þeld-collected accessions of Arizona MEAM1 were resolved within the single large U.S. population, the greenhouse-collected accession from Arizona poinsettia was resolved as a separate population (population 6 in Fig. 2 ). MEAM1 in Arizona Þeld populations was the subject of a Þtness-driven sweep of Rickettsia infection from 2000 to 2006 (Himler et al. 2011) , and it would be interesting to know if this sweep also occurred in Arizona greenhouses if mixing among Þeld and greenhouse populations is limited. The accession from New York (population 5 in Fig. 2 ) was also from a poinsettia greenhouse and both the New York and Arizona greenhouse populations had a high frequency of the much rarer 223 allele at the Bem6 locus. Given that both of these MEAM1 accessions resolved as distinct populations were from protected agricultural environments and given the high degree of population structure recovered within MED, which only occurs in greenhouses in the United States, it seems plausible that the isolation afforded by greenhouses may be one of the factors maintaining genetic differentiation in U.S. Bemisia populations. This is a conjecture that is further supported by the population structure found for greenhouse MED in France (Dalmon et al. 2008) .
Because MED is restricted to greenhouses in the United States, a reduction in genetic diversity is predicted for all populations, not just for those from laboratory colonies because all populations have restricted gene ßow opportunities. In fact, reduced genetic diversity was found for U.S. MED relative to MED collected in the native range (Supp Table 1 [online only]), and this could be partly due to ongoing genetic isolation imposed by the restriction of MED to greenhouses in addition to the bottleneck effect expected for a newly invasive species (Hufbauer and Roderick 2005) . Consistent with the prediction of lower genetic diversity in protected agriculture, the accessions of MEAM1 that were resolved as differentiated populations did have some of the lowest levels of gene diversity (New York, HE ϭ 0.2; Arizona, HE ϭ 0.18) (Supp Table 1 [online only]). However, U.S. greenhouse-collected MEAM1 tended to show a similar degree of gene diversity (mean HE of 21 accessions ϭ 0.30) to MEAM1 collected in the Þeld (mean HE of 48 accessions ϭ 0.33), inconsistent with this prediction. This inconsistency could result from the low number of genetic markers used but could also reßect ongoing signiÞcant gene ßow between Þeld and greenhouse MEAM1 populations, at least within Florida and Georgia where temperature, host availability, and humidity differences among environments are less likely to constrain whiteßy movement from the greenhouse into the Þeld.
The strategy for identifying the number of populations in a genetic data set is greatly limited by the number of loci used, and this is true for both individual based methods (e.g., Pritchard et al. 2000, Corander and Marttinen 2006) as well as the population based method used in this study (Waples and Gaggiotti 2006) . However, in this study the Waples and Gaggiotti method resolved four more differentiated populations of MEAM1 and Þve more differentiated populations of MED than did the individual based assignment program STRUCTURE (Pritchard et al. 2000 , Evanno et al. 2005 ) (Supp Fig. 1 [online only] ). This is consistent with the simulation results of Waples and Gaggiotti (2006) indicating a greater power of the contingency table permutation method to detect population structure when low numbers of loci are used. This is also consistent with the results of Kalinowski (2011) who provide evidence that the HardyÐWein-berg population detection algorithm of STRUCTURE tends to be conservative. STRUCTURE, despite recovering a smaller number of populations than the contingency table permutation method, produced results that were largely consistent with other analyses with the exception of the uninformative principal coordinate analysis of MEAM1 (Fig. 3b) . STRUCTURE consolidated greenhouse collected accessions from Arizona and New York into the same population (Supp Fig. 1 [online only] ) and in contrast, principal coordinate analysis isolated them completely along axis 2 (Fig. 3b) . In the absence of more data and a phylogenetic analysis, neither result should be used to infer the evolutionary history and relatedness of these greenhouse populations at the present time (see Kalinowski 2011) .
With the small number of loci used in this study, only the population pairs exhibiting very high levels of differentiation among them could be resolved (Figs.  1c and 2c) . Interpretation of such results should be done cautiously as increasing the number of loci (especially those that are highly polymorphic) would resolve additional population structure in the United States for both MEAM1 and MED. Rather than interpreting groups of accessions as panmictic based on the Waples and Gaggiotti method, these groups result from the failure to reject panmixia given sampling constraints. For example, it is unlikely that U.S. MEAM1 (established in the United States for ϳ30 yr) is panmictic with populations in Colombia and Israel. Instead, this failure to reject panmixia is probably a byproduct of low genetic sampling, and we predict that these populations would be resolved as differentiated with the addition of more loci.
In another example, panmixia could not be rejected for 11 U.S. MED accessions from Florida to Hawaii (ϳ7,500 km) (population 7 in Fig. 2 ). Although some of this failure is certainly the result of low molecular marker number, adding data from Þve loci to accessions from Michigan (two) and Hawaii (two), did not resolve further population structure and panmixia was still not rejected among these four accessions (data not shown). Continued failure to reject panmixia with 12 microsatellite loci for whiteßy collections separated by ϳ7,000 km leads to increased conÞdence that these four collections were in very recent contact and highlights the gene ßow opportunities that anthropogenic trade of greenhouse ornamental plants provides for invasive MED whiteßies within the United States.
